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HIGH-ENERGY AIR SHOCK STUDY
IN STEEL AND GROUT PIPES

ABSTRACT

Voitenko compressors are used to generate 43 mm/us air shocks in both a steel
and a grout outlet pipe containing ambient atmospheric air. Fiber-optic ports provide
diaphragm burst times, time-of-arrival (TOA) data, and velocities for the shock front along
the 20-mm-i.d. exit pipes. Pressure profiles are obtained at higher enthalpy shock propaga-
tion than ever before and at many locations along the exit pipes. Numerous other electronic
sensors and postshot observations are described, as well as experimental results. The
primary objectives of the experiments are as follows: 1) provide a data base for
normalization/improvement of existing finite-difference codes that describe high-energy air
shocks and gas propagation; 2) obtain quantitative results on the relative attenuation effects
of two very different wall materials for high-energy air shocks and gas flows. The extensive

experimental results satisfy both objectives.

INTRODUCTION

For nearly a decade, theoretical studies have
indicated that ablation of wall material was the
principal attenuation mechanism for high-velocity
(>10 mm/us) air-shock propagation.!-3 This con-
clusion was primarily based on agreement between
calculational and experimental results for time-of-
arrival (TOA) of the shock front at specific loca-
tions in open pipes containing air at ambient condi-
tions. In the study! using the Voitenko compressor,?
postshot inspection of the pipe wall clearly in-
dicated that considerable erosion of the surface had
taken place. In the Marvel experiment,? different
chemical tracer sections were located in the wall of
the Marvel tunnel at specific locations to provide an
estimate of ablation thickness. A final distribution
of the chemical tracers was obtained from core sam-
ples along the tunnel in a postshot drilling program.
This final tracer distribution confirmed that signifi-
cant ablation or mass entrainment in the gas flow
occurred.

In a literal sense the term ablation, as related to
high-energy flow, is generally confined to the
vaporization of wall material and subsequent addi-
tion of that vaporized material to the gas flow.
However, other processes exist by which wall
material may be entrained in the gas flow. For an
open pipe in a nuclear explosion the deposition of

radiant energy (x rays, vy rays, and thermal) ahead
of the shock front may be sufficient to vaporize wall
material and/or produce a thin melt layer at the
wall of the pipe. In addition, a thin melt layer may
be produced by high-temperature gases behind the
shock front. Then, as the shock propagates down
the pipe, turbulence behind the shock front may be
effective in scouring off this thin liquid layer and
adding mass to the flow in the form of droplets.
This scouring model was first postulated® in an at-
tempt to explain the results of dynamic ablation
measurements associated with plasma flow in a line-
of-sight pipe during a nuclear test.® The scouring
model has been incorporated into a numerical code
for simulating high-energy gas flow in open pipes.’
Other considerations for mass entrainment are
irregularities in the pipe wall or the wall composi-
tion that may result in sizeable wall fragments being
entrained in the gas flow. Whether or not these
processes are present depends upon the experiment
being considered.

Although considerable evidence exists that
ablation plays an important role in the attenuation
of high-energy gas flows, the principal uncertainty
concerns the rate at which ablation or wall material
enters the flow and affects conditions in and behind
the shock front. The early computer codes!? and



subsequent modified versions’® contain parameters

and prescriptions to quantify the rate of ablation.
Unfortunately, these finite-difference codes lacked
sufficient dynamic experimental data to determine
whether the present formulations accurately
describe the physical processes of ablation. An ac-
curate measurement of the ablation rate would
provide the most direct experimental basis for
evaluating the present theory. However, the es-
timated ablation rate is so small! (<10 pm/us) and
the typical environment so severe (e.g., pressures
>1 GPa, temperatures >»1 eV, and wall motion
>0.1 mm/us) that survival of a credible ablation-
rate measurement is extremely difficult. For-

EXPERIMENTAL

Some of the hardware, diagnostics coverage,
and modes of operation are common to both experi-
ments. For example, the high-explosives (HE)
assembly, compressor section, and first 15 cm of the
outlet pipe in both experiments are identical to
within tight machine tolerances. The detonated HE
drives the stainless-steel plate into the chamber,
compressing the ~1.1-MPa air (initially in the
chamber) to high pressures (> 100 GPa), densities
(>1.0 Mg/m3), and temperatures (>10 eV) before
the diaphragm breaks.!:!! The expansion and mo-
tion of this compressed air down the exit pipe
generates a high-velocity (®Mach 130) air shock.

Fiber-optic ports in the outlet pipes transmit
luminosity associated with the high-energy air
shock and gas flow to external display boards that
are scanned by streaking cameras. These optical
records are then reduced to give TOA information
about air-shock propagation down the outlet pipes.
Electronic sensors provide pressure profiles at many
corresponding locations in both experiments. The

tunately, other measurements are possible in the
above environment to aid in evaluating the ablation
rate and its subsequent effect on conditions in and
behind the shock front.

In the following sections we describe two
experiments that used a modified®!? Voitenko com-

~ pressor? to study air-shock propagation in both a

steel and a grout outlet pipe. Comparison of these
results provides a measure of the effect of variation
of wall material. In addition, the results from each
experiment can be used in evaluating and/or im-
proving existing high-energy air shock propagation
codes.

CONSIDERATIONS

grout experiment is designed to provide wherever
possible a duplication of sensors located in the steel
experiment, so that a direct comparison of ex-
perimental-results is possible. However, the grout
experiment enabled us to obtain diagnostic
measurements not feasible on the steel experiment.

Although similar, the two experiments do con-
tain differences in design, fabrication and execution.
Each experiment represents a significant advance-
ment in the state of the art for high-energy shock
studies. The steel experiment is the first Voitenko-
generated air shock and gas-flow study that
provides detailed pressure profiles and for a much
greater length-to-diameter ratio than ever before
obtained. The grout experiment is the first time that
a Voitenko-generated air-shock study has ever been
attempted with this type of wall material. Thus,
each experiment and its results will be presented in a
separate section before a comparison of experimen-
tal results is given in a subsequent section.

STEEL EXPERIMENT

Figure | illustrates the physical features and
diagnostics coverage of the compressor-outlet pipe
assembly. Table | summarizes the diagnostics used
and their relative locations with respect to the
diaphragm. The optical diagnostics employed are
similar to previous air-shock!® and gas-jet®!!

studies but will be reviewed for details particular to
this experiment. Most of the electronic diagnostics
are relatively new to the present application and
thus will be described in greater detail in this section
and in Appendix A. The rest of this section covers
the experimental results for this test.
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FIG. 1. Compressor assembly, steel outlet pipe, and diagnostics systems for the steel-pipe experiment.

EXPERIMENTAL PROCEDURES
AND DIAGNOSTIC COVERAGE

Optical Coverage with
Framing Camera

A framing camera (Model 189B) was focused
on the first ~0.20 m of the steel outlet pipe to detect
the location, duration and extent of possible
venting. The delayed detonation of 1.8-kg HE pads
attached to the back of two 1.2-m long argon can-
dles provided supplementary lighting for the fram-
ing camera’s field of view. Bridge wires were mount-
ed on the steel outlet pipe and detonated at prese-
lected times to provide optical fiducials. Such
fiducials are necessary for timing resolution of the
framing coverage and as an aid in determining the
interframe time,

Although venting was not expected to occur in
the time frame that would affect propagation of the
shock front, venting may affect pressures well
behind the shock front. Since a goal of this study is
to numerically simulate the compressor generation
of the air shock and pressure profile for some dis-
tance behind the shock front, a knowledge of
venting is crucial. In a previous air-shock study,!?
venting from the HE driver region was observed,

TABLE 1. Diagnostics for the steel pipe experiment.

Distance from diaphragm
(m) Diagnostics®

0 F
0.02 F
0.05 F
0.10 F,B, PM
0.20 F,B,PM
0.30 F,B
0.40 F
0.50 F,B, PY
0.75 F
1.00 F, B, PY
1.25 F
1.50 F,B
1.75 F
2.00 F,B,P
2.50 F,B
3.00 F,B
3.50 F,B
4.00 F,B
450 F,B
5.00 F,B,P
5.50 F,B
6.00 B

F = fiber optics; B = bar gage (SSS); PM = pressure-Manganin
(SRI); PY = pressure~ytterbium (SRI); P = LLL 80,000-psi PCB
gage 109A(D).




but a venting criterion was applied to the numerical
simulation which helped to explain the experimental
results.

Optical Coverage with
Streaking Cameras

Twenty-one 1.80-m-long light pipes were em-
placed along the outlet pipe. The light-pipe em-
placement design is described in detail in Ref. 11.
To increase timing resolution for the streaking
records, the light pipes were divided between two
display boards. One end of each light pipe in the
first 2.0 m of the outlet pipe was located in the first
display board and those beyond 2.0 m were located
in the second board. The detonation of bridge wires
located in the display boards at predetermined times
provided the optical fiducials to correlate air-shock
luminosity data for the streaking cameras. The two
streaking cameras (Models 132) and the framing
camera (Model 189B) were synchronized. Another
framing (Model 6) and streaking (Model 136)
camera, not shown in Fig. 1, were used as backup to
the other cameras and operated in a free-running
mode. Rewrite was prevented by the delayed
detonation of small HE pads attached to the back of
the turning mirrors above the optic ports. Opaque
plastic tents were used to shield the bunker-optic
ports and display boards. This procedure and
delayed closure of electromechanical shutters on the
cameras significantly reduced exposure to ambient
light and lowered the fogging level of the film. Low
fog levels become important for the air shock near
the end of the pipe where shock luminosity is low
and high contrast is desirable. No optical filters
were used on any of the cameras.

Electronic Diagnostics

The electronic diagnostics for this experiment
consisted of three types of pressure gages. The three
types and their relative locations are given in
Table 1. A total of 1S bar gages, 4 piezoresistance
gages, and 2 PCB quartz gages were installed. The
bar gages represent the primary electronic sensors
since they were used extensively in both experi-
ments, The other six gages were installed as backup
and as an independent check of the pressure profiles
obtained with the bar gages. Gages similar in design
to the bar and PCB quartz gages have been used
to measure pressures in other gas flow

experiments.!1-13 The piezoresistant gages were
specifically designed for this experiment and had
never been used in a similar application.

The following is a brief description of how the
bar gages functioned. One end of each bar gage was
exposed to flow conditions in the pipe. The end of
the bar gage at 6.0 m was flush with the end wall to
record stagnation flow. The input ends of the other
14 gages were machined to a 10-mm radius so they
conformed to the curvature of the pipe wall. As the
air shock passes each gage a compression shock
propagates down the input (signal) bar for ~0.15 m
before impacting the x-cut quartz crystal. Compres-
sion of the crystal induces polarization and subse-
quently produces a free charge on the electrodes,
which is recorded as a voltage pulse on the
associated electronics. The voltage signal is directly
proportional to the degree of compression or am-
plitude of the incident shock wave.!4 The shock
wave transits the crystal into a second (dump) bar
where propagation continues. The amplitudes of the
transmitted and reflected waves across this im-
pedance discontinuity depend upon the material of
the two bars.!516 For the bar gages at 0.10 and
0.20 m the signal and dump bars are tungsten car-
bide and titanium, respectively. At the other loca-
tions the signal and dump bars are tungsten and
aluminum, respectively. The recording duration of
the bar gages is limited by the time for reflections to
arrive back at the crystal from the end of the dump
bar. The useful recording duration of the bar gages
used in these experiments was in the range 55-60 us.

The sensitive elements for the piezoresistance
gages were composed of either Manganin or ytter-
bium. These gages were designed to provide a
record of the pressures behind the shock front with
a minimum of intervening material. The primary
difficulty in obtaining measurements of the flow
parameters is in retaining the integrity of the sensor
when subjected to high pressures, high tem-
peratures, large displacements, and strain effects.!”
The gages met these requirements except for sur-'
vival of the recording time, where success was
marginal. A more detailed description of the con-
struction and operation of bar and piezoresistance
gages is given in Appendix A.

The PCB gages (Model 109A) are standard
commercial gages commonly employed to measure
gas shock pressures. These gages were located at 2
and 5 m from the diaphragm where the pressures
behind the shock front were expected to be well



within the calibrated 0.55 GPa range for this gage.
Pressure profiles in excess of 100 us were obtained
with both gages.

EXPERIMENTAL RESULTS

To correlate the optical and electronic
measurements, a common time reference was
provided by the electrical pulse that initiated
detonation of the plane-wave lens. The time interval
between detonation of the plane-wave lens and air
shock breakage of the Mylar diaphragm was
58.1 us. This time was determined by using a light
pipe oriented to view the center of the diaphragm.
This value was 1.6 us earlier than obtained in a
previous experiment.!0 A discussion of this dif-
ference for the time of diaphragm break and its ef-
fect will be given in a later section where air-shock
propagation from these two experiments and the
earlier experiment are compared. The above
diaphragm breaking time is taken as the new zero
time reference for all experimental results in this
test.

Framing Camera Coverage

The framing camera (Model 189B) gave
photographic evidence that no venting of high-
energy gases in the outlet pipe occurred for the first
39.3 us after breakage of the diaphragm. After this
time gaseous HE products from the driver bypassed
the plywood blast shield provided and began to
obscure the field of view. Although venting after
this time would undoubtedly reduce pressures well
behind the shock front, it would have negligible ef-
fect on propagation of the shock front. The bar gage
located at 0.10 m was felt to be especially suscepti-
ble to venting since the bar gages depend solely on
close machine tolerances, an O-ring, and vacuum
grease to achieve a pressure seal. The second experi-
ment confirmed that concern about this gage was
warranted.

TOA Data and Air Shock Velocity

Table 2 summarizes TOA results of the shock
front for the fiber optics and pressure sensors. The
TOA values given for the fiber optics correspond to
the time that the first luminosity peak was recorded
at each location. The TOA values for the pressure
sensors are the times at which the initial rise for the
first pressure peak is very steep. This time was

chosen instead of the peak pressure because the
pressure sensors have two inherent effects that tend
to spread the risetimes and delay the peak. The first
is related to the transit time for the shock front to
traverse the end of the pressure sensor. As an exam-
ple, the end of the bar gages and PCB quartz disks
are ~6.5 mm in diameter. For those locations where
the shock velocities are 20 and 10 mm /s, the tran-
sit times across the sensors would be ~0.32 and
0.65 us, respectively. Thus, even a step pressure
pulse at the above two locations would be recorded
with these risetimes. The second inherent effect is
the time required for the gas pressures in the shock
front to reach the piezoelectric (or piezoresistive)
element in the sensor. For the PCB gage, calcula-
tions have shown!? that about 0.3 us is required for
the shock to transit the 0.5 mm ablative coating,
thin-steel diaphragm, and quartz crystal before con-
version to an electrical signal. However, the quartz
element in the bar gage is recessed ~0.16 m from
the bore wall, and a ~30-us delay occurs for which
the data must be corrected. In addition, propaga-
tion of the pressure pulse down the signal bar will
result in dispersion of a sharp shock front and thus
increase the risetime. For the bar gages used in these
experiments the inherent increase in risetime for a
step pulse due to dispersion is ~3 us.!® In the
analysis and interpretation of the experimental
results, these inherent effects have been factored
into the values given for Table 2. Other inherent ef-
fects exist that can affect the experimental results
but with respect to TOA values we feel the most
significant ones are covered in the above discussion.

Figure 2 shows a TOA plot for propagation of
the shock front in the exit pipe. Differentiation of
the TOA curve yielded the velocity for the shock
front as a function of distance down the outlet pipe
as given in Fig. 3. After a short period of accelera-
tion the shock attains a maximum velocity of
~43 mm/us at a distance of ~75 mm from the
diaphragm. Over approximately the first 2 m, abla-
tion and mass entrainment are considered’-? to be
the principal attenuation mechanism. Over this dis-
tance the velocity has attenuated to less than
10 mm/us. Beyond the 2.0 m distance the attenua-
tion rate decreases, with the dominant mechanism
for attenuation being convective heat transfer and
friction.3!2 Significant cooling of gases well behind
the shock front occurs beyond the first 2m of
propagation. This is shown by the significant
amount of condensation and plating of ablated wall



TABLE 2. Air shock time-of-arrival (TOA) data from
the steel pipe experiment.

Axial Fiber optics Bxr SR1and LLL gage
distance TOA gage TOA TOA

(m) (us) (us) (u8)

0. (58.1) 00

0.02 1.2

0.0s 2.1

0.10 3.26 35 4.0

0.20 59 6.7 6.35

0.30 8.5 9.1

0.40 11.6

050 144 150 16.0

0.75 22.6

1.00 31.7 323 318

1.25 43.3

1.50 578 573

1.7 175

2.00 1038 104.5 104.0

2.50 183.0 185.3

3.00 295.0

350 448.0

400 611.0

5.00 1045.0

material that occurs between 2.5 and 4.5 m, as will
be shown later.

Pressure Profiles

Figures 4-11 give the pressure profiles obtained
for this experiment. The pressure records for the bar
gages beyond the 2.0 m location had high noise
levels and/or a double trigger of the scope trace in
the steel experiment. Other than the shock-front
TOA value at 2.5 m, no meaningful data reduction
was considered feasible for the bar gages beyond
2.0 m. The bar gages used to record stagnation
pressures at the end of the outlet pipe failed to
provide pressure profiles or reliable TOA values in
either the steel or the grout experiment.

Peak pressures associated with the shock front
decayed from 3.5 GPa at 0.10 m to 0.008 GPa at
5.0 m from the diaphragm. The duration of the ex-
perimentally measurable flow varies from ~50 us at
0.10 m (Fig. 4) to over 300 us at 5.0 m (Fig. 11).

These two positions represent the only locations
where the scope settings were such that the flow
duration could be determined with any certainty.
The increase in the duration of the flow can be at-
tributed primarily to the delayed entrainment of
wall material into the flow, resulting in a relatively
greater attenuation of the flow well behind the
shock front. Evidence for this effect is the attenua-
tion of the 3.55 GPa (19 us) peak at 0.10 m, to
1.48 GPa (38.6 us) at 0.20 m, to 1.14 GPa (50.4 us)
at 0.30 m and its final disappearance at 0.50 m. The
gradual dispersion of the high-energy flow, using
the Voitenko compressors, has been observed in jét
studies.>!? In those studies the delayed entrainment
of wall material was also identified as the primary
attenuation mechanism and a major contributor to
dispersion and increase in the pressure pulse width.

The piezoresistance gage at 0.10 m suggests the
possible presence of a 0.15 GPa precursor before
the sharp rise to its 3.5 GPa peak value (Fig. 4).
However, dispersion in the bar gage will reduce the
peak pressure and increase the pulse width of the
shock front in addition to masking fine structures
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FIG. 2. Air shock TOA data for the steel outlet pipe.
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FIG. 3. Shock velocity vs axial distance for the steel shock-tube experiment.

such as the precursor. Thus, the results for the
piezoresistance and bar gages are felt to be consis-
tent at 0.10 m. The piezoresistance gage at 0.20 m
failed within 1 us after shock arrival and at 1.00 m
not even this datum was obtained. Consequently,
the only other location where a similar comparison
between these two gage types was at ~0.50m
(Fig. 7). Only a hint of a precursor was observed at
this distance and surprisingly the shock front ap-
peared steeper and the pulse width narrower for the
piezoresistance record. The peak pressure appears
unusually high with respect to the peak value for the
bar gage, even though considerable attenuation of
the peak caused by dispersion in the bar gage could
be expected, considering the narrow pulse width for
the flat-pack gage. However, the poor agreement
between pressure profiles of the shock front at the

0.50 m location represents the largest disparity be-
tween any gage results at the same axial distance for
both experiments.

The large pressure oscillations observed result
from axial and radial oscillations of the flow that
are induced by an early diaphragm break and radial
convergence of the driver gas in the compressor
section.!20 The fact that these oscillations appear to
persist for a substantial distance is confirmed by the
pressure profiles obtained with the PCB and bar
gages at 2.0 m (Fig. 10). Both gages at 2.0 m give
close agreement, in TOA and amplitude, for the
first two large pressure peaks. It is not known
whether the following two oscillations for the bar
gage are factual or a gage-related problem. Over all,
the pressure profiles are felt to be in good agreement
for the duration of the bar gage record. The PCB
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FIG. 11. Pressure profile obtained with PCB quartz gage at 5.0 m in the steel outlet pipe.

gage indicates that a flow pressure of ~15 MPa or
greater exists well beyond the measurement dura-
tion of the bar gage record.

A more complete record of the duration of the
flow is provided by the PCB gage at 5.0 m (Fig. 11).
At this distance the rapid oscillations appear to
have damped out. Yet the profile is far from that of
a classical shock wave, since substantially larger
pressures occur well behind the shock front. In ad-
dition to damping of the oscillations, a plot of peak
pressure in the shock front vs axial distance
(Fig. 12) reveals a significant difference. Between
0.10 and 2.0 m the shock-front pressure is fairly well
bounded by the two expressions shown in Fig. 12.
Extrapolation to 5.0 m would predict a shock-front
pressure of approximately an order of magnitude
lower than measured. The higher pressures at 5.0 m
were partially expected since it has been shown!?
that for shock velocities below 10 mm/us ablation
ceases, with only heat transfer and friction remain-
ing as the principal attenuation mechanisms.
However, another event has occurred in the interval
between 2.0 and 5.0 m that may have a significant
influence on the flow. This is the condensation of
ablated wall material and will be discussed in the
subsection “Condensation.”

Radial Expansion

In these and earlier3!%:1! experiments the com-
pressor section and first 0.15 m of outlet pipe were
machined from a single piece of steel stock. This re-
quirement was imposed earlier'® to eliminate
venting of high-energy gases following diaphragm
breakage. The impulse delivered to the compressor
by the HE and the high-energy gas flow in the outlet
pipe have always been sufficient to highly fragment
both the compressor section and first 0.15 m of out-
let pipe. In this experiment the remaining 5.85 m of
outlet pipe was recovered intact and postshot
measurements of the bore diameter were obtained
as a function of axial distance from the diaphragm.

These measurements indicated that radial ex-
pansion occurred over the first 2.5 m of the outlet
pipe. Results from those measurements are piotted
in Fig. 13, showing the change in pipe radius as a
function of axial distance from the diaphragm. High
pressures behind the shock front were the principal
factors producing the radial displacement. The
other minor contributor is the removal of wall
material via ablation and scouring.’ The HE
transferred significant axial momentum to the first
0.15 m of the outlet pipe, causing it to impact the
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front end of the 5.85 m section, resulting in some
flaring of that end of the surviving section. Conse-
quently, the measurements of bore diameter over
the first 0,05-0.10 m of the surviving section would
partially have to be discounted because of the im-
pact and flair effect.

Condensation

Previous efforts to dynamically record® the rate
of ablation in this high-energy flow regime were
partially obscured by the presence of prompt radia-
tion (x and v) deposition.> Passive measurements?
and physical observations of wall sections! showing
the erosional effects of mass entrainment have been
documented. The entrainment of mass from the
wall contributes to attenuation and cooling of high-
energy gases. As this flow propagates, interaction
with the cold wall and other energy losses can be ex-
pected to further cool the flow. When the tem-
perature in the flow drops sufficiently, then conden-
sation of the entrained wall material will occur.
Figure 14 shows this as a plot of condensation
thickness vs axial distance from the diaphragm. In-
tegrating these results indicated that the total en-
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trained mass condensed out over the distance shown
was ~0.34 kg.

In an earlier report! 8 MJ of energy was
calculated to be imparted to the chamber air that
exited down the outlet pipe. The value 0.34 kg is
more than an order of magnitude larger than those
calculations predicted to be entrained in the
0.029 kg of driver and driven gas for that experi-
ment. However, those calculations extended to only
56 us following the diaphragm break and were for
an outlet pipe of ~1.4 m in length. In addition,
comparison between calculational predictions and
experimental results were limited to TOA values for
propagation of the shock front. As a basis for
analysis, let us accept 8 MJ as reasonable and
assume that all of the chamber air exited down the
outlet pipe. The following two options may explain
the 0.34 kg of condensed wall material, since the ini-
tial experimental conditions and shock TOA results
for the earlier experiment !0 are not that different for
the first 1.4 m of air shock propagation.

The first option is that the entire 0.34 kg of
condensed wall material was vaporized and en-
trained in the driver (chamber air) and shocked air



AR (radius - 10 mm) — mm

1.0 1.5 2.0 2.5

Axial distance — m

FIG. 13. Radial change vs axial distance from the diaphragm (steel pipe).

1.5 7 | LN LA (L B B S B I B B
E - -
E - -
| L -
810 Vv
c 8 \
) N
S B v
c B ' 7
s | -
3 05} -
5 s 4 '
'E ]
S b
0 SR A AT RN AT RN AN AN ¥
2.5 3.0 35 4.0 45

Axial distance — m

FIG. 14. Condensation thickness vs axial distance from the
diaphragm (steel pipe).

14



in the outlet pipe. If only a few grams were en-
trained in the shocked air and the major fraction
was entrained well behind the contact surface, then
attenuation effects on propagation of the shock
front would be greatly reduced. Approximately
4.25 MJ, 53% of energy in the flow, would be re-
quired to vaporize 0.34 kg of steel assuming a
specific energy of vaporization (E,) of 12.5 MJ /kg.!
Of the remaining 47%, ~14% was calculated! to be
lost by the gas doing work on the pipe. The value of
14% was based on a pipe length of 1.4 m and flow
time of 56 us. Figure 13 shows that expansion oc-
curred for a distance of 2.5 m indicating that the
14% value is very conservative. Thus, less than 33%
(2.6 MJ) remains in the flow to be partitioned be-
tween internal and kinetic energy. Experimental
results at 2.0 m for the pressure profiles (Fig. 10)
and gross estimates for flow velocities provide es-
timates for total energy in the flow that are consis-
tent with the 33% value.

The second option is to introduce some latitude
to the figures by reducing the energy necessary for
mass entrainment in the flow, This can be done by
assuming that a melt layer develops which becomes
entrained in the flow and is carried along in the

form of droplets. This entrainment mechanism,
known as “‘scouring,” was first postulated’ to ac-
count for large dynamic ablation rates® that normal
ablation models could not explain. The scouring
concept is not a substitute for ablation, but is an ad-
ditional mechanism of mass entrainment. Scouring
may be the dominant entrainment mechanism well
behind the shock front where temperatures and
specific energies per unit mass in the flow are much
lower. Appreciable scouring may occur late in time
when HE gases act as a carrier for the droplets.
Numerical simulation of the compressor
operation?? suggests that more than half the air may
be trapped in the chamber and may not flow down
the outlet pipe. Although those calculations ter-
minated at 10 us following the diaphragm break,
the predictions were in reasonable agreement with
the first two peaks of the pressure profile recorded
at 0.10 m. If such a reduction in driver gas is
realistic, then significantly less energy than 8§ MJ
can be expected to be contained in the pipe flow. To
explain the 0.34 kg of condensed wall material
would require a reduced energy entrainment
mechanism for a major portion of the flow. The
scouring option is one possible mechanism.

GROUT EXPERIMENT

Figure 15 shows two orthogonal plan views
of the features and diagnostics coverage for the
compressor-outlet pipe assembly. Table 3 sum-
marizes the diagnostics employed and their relative
locations with respect to the diaphragm. The HE
assembly, compressor section and first 0.15 m of the
outlet pipe are identical in design to the steel experi-
ment. The remaining ~2.85 m of wall material for
the outlet pipe is constructed of a special grout mix
(DR-1) formulated for this experiment.2! The grout
pipe allowed the use of diagnostic systems not feasi-
ble in the steel experiment.

EXPERIMENTAL PROCEDURE
AND DIAGNOSTIC COVERAGE

Grout Tube Construction
and Assembly

It was necessary to mix and pour the grout at
reduced pressures to remove air entrained in the

grout. This added significantly to the complexity of
the design and assembly of grout section. To
describe the final configuration shown in Fig. 15 we
present in chronological order the assembly
procedure used. For more detail on grouting at
reduced pressures, grout tube design and assembly,
see Appendix B.

Not shown .in Fig. 15, but crucial to the
assembly, was a rigid cylindrical steel frame
designed to support certain electronic sensors and a
20-mm bore tube. The bore tube was a 3-m-long,
19-mm-o.d. copper tube covered with 0.5-mm-thick
heat-shrink tubing and supported in the center of a
cylindrical steel frame by four grout disks. This 20-
mm diam bore tube effectively acted as a form for
the 20 mm bore through the grout section. The par-
ticle velocity systems, conductivity probes, and flat-
pack!? gages were then installed, supported by
welded steel brackets near the circumference of the
steel frame. The conductivity probes and piezoresis-
tant segments of the flat packs were installed in
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FIG. 15. Orthogonal plan views of the compressor assembly, grout outlet pipe, and diagnostics systems.

physical contact with the 20-mm bore tube. The
cables associated with the sensors were tied to outer
ribs of the steel frame and brought out in a bundle
through the back end of the frame. The frame was
then inserted into a 0.508-m-o.d. steel pipe. Ad-
justing screws through the pipe walls and in contact
with the steel frame were used to center the 20-mm
bore tube with respect to the pipe walls. Then fiber
optics assemblies and bar- and wall-motion gages
were all inserted through ports in the pipe walls un-
til the end of each sensor made physical contact
with the 20-mm bore tube. End plates were em-
placed on the steel pipe and bolted securely. All sen-
sor ports and the cable port in the back end plate
were then sealed with epoxy to obtain a vacuum-
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secured shock vessel. A vacuum pump was attached
to the vessel and the remaining leaks were sealed
with epoxy.

At this time DR-1 grout?! was added to the
vessel from a large mixing tank with the vessel and
tank maintained at a reduced pressure by means of
roughing pumps. The grout set up for approx-
imately six weeks between the fill operation and the
shot date. The week prior to the shot date a 0.33N
solution of nitric acid was circulated through the
bore tube to dissolve the 3-m length of copper tub-
ing. The heat shrink tubing was left in place to pre-
vent air from drying out the walls of the 20 mm bore
in the grout.



TABLE 3. Diagnostics for the grout pipe experiment.

Distance from disphragm

(m) Diagnostics®
0 F
0.02 F
0.05 F
0.10 F,B
0.20 F,B,PM,W
0.30 F,B,PY,W
0.40 F
0.50 F,B,PY,W
0.75 F
1.00 F,B,PY,W
1.25 F
1.50 F,B,PY,W
1.75 F
2,00 F,B,PY,W
2.50 F,B,PY, W
3.00 B

*F = fiber optics; B = bar gage (SSS); PM = pressure-Manganin
(SRI); PY = pressure-ytterbium (SRI); W = wall-motion sensor
(particle velocity loop) (SRI).

Four days before the shot date the grout-filled
vessel was transported to a shot table at the Site 300
HE testing facility operated by the Laboratory.
Following preliminary setup procedures and bunker
preparations the shrink tubing was removed. Visual
inspection of the 20 mm bore indicated a smooth
wall along its entire length without any debris or
rough surfaces. The compressor section and 0.15 m
of steel outlet pipe were then attached to the front
end plate of the grout shock tube. The experiment
was successfully fired shortly after installation of
the stagnation gage, HE assembly, and pressuriza-
tion of the compressor chamber.

Optical Coverage with Framing Cameras

Two framing cameras were focused on the first
~0.25 m of the steel-grout outlet pipe to detect the
location, duration and extent of possible venting.
The delayed detonation of 1.8-kg HE pads attached
to the back of two 1.2-m-long argon candles
provided supplementary lighting for the framing
cameras’ field of view. Of particular interest were
the bar gage at 0.10 m and the junction between the
initial steel pipe and grout ‘pipe at 0.15 m. Beyond
the junction at 0.15 m the grout pipe is of sufficient
diameter (0.508 m) that venting was not a concern.
Bridge wires were mounted on the short section of
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the steel outlet pipe and detonated at preselected
times to provide optical fiducials. Optical fiducials
supply the timing resolution for the framing
coverage and act as a backup in determining the in-
terframe time. One of the framing cameras (Model
189B) was operated in a synchronous mode with the -
two streaking cameras. The second framing camera
(Model 6) was operated in a free-running mode and
used solely as a backup system.

Optical Coverage with Streaking Cameras

Fifteen 1.80-m-long light pipes were emplaced
along the outlet pipe (Table 3). Four of the light
pipes were located in the 0.15-m section of steel out-
let pipe according to the emplacement design
described in Ref. 11. The other 11 light pipes were
located in the grout section of the outlet pipe with
one end of the fiber optics in direct contact with the
shrink tubing around the copper bore tube. The
grouting operation, removal of copper tubing with
nitric acid solution and preliminary preparations
prior to firing the HE are described in Appendix B.
The fact that all the light pipes were in optical com-
munication with the bore of the tube was deter-
mined just before final assembly on the shot table
following removal of the shrink tubing.

One end of each of the 15 light pipes was ter-
minated in an optics display board for scanning by
two streaking cameras (Models 75 and 132) running
in a synchronous mode. The other streaking camera
(Model 132) was used as a backup. The detonation
of bridge wires located in the display board at
predetermined times provided the optical fiducials
to correlate air-shock luminosity data for the
streaking camera. Rewrite was prevented by the
delayed detonation of small HE pads attached to
the back of the turning mirrors above the optic
ports. Opaque plastic tents were used to shield the
display board and the bunker optic ports to the
cameras. This procedure and delayed closure of
electro-mechanical shutters on the cameras
significantly reduced exposure to ambient light and
lowered the fogging levels of the streaking camera
films. No optical filters were used on any of the
cameras,

Electronic Diagnostics

The electronic diagnostics in this experiment
consisted of two types of pressure gages, wall-
motion sensors, and plasma-flow velocity and con-
ductivity sensors. Detailed descriptions of the



pressuré gages and wall-motion sensors are given in
Appendix A and their locations are given in
Table 3. A more detailed description of the conduc-
tivity and particle flow measurements is presented
in Appendix C.

Pressure Gages. The nine bar gages in this ex-
periment are identical in design and operation to
those used in the steel experiment as described in the
previous section, The first bar gage was emplaced at
0.10 m in the steel pipe (Fig. 15). The next seven bar
gages were all located in the grout section (Table 3)
with one end in contact with the shrink tubing
covering the copper tubing. The input ends of the
first eight bar gages were machined to a 10-mm
radius to conform to the curvature of the bore
radius. The end of the bar gage at 3.0 m was flush
with the end wall to record stagnation pressures
associated with the flow.

A total of seven flat-pack gages!” was installed
in the grout section with the center of the piezoresis-
tant elements at the same axial locations (Table 3)
as the bar gages. Thus, at each of the seven locations
in the grout section, two types of pressure gages are
used to compare pressure profiles generated by the
air shock and gas flow.

Wall-Motion Gages. Pressures in and behind
the shock front are sufficient to induce rapid radial
expansion of the grout walls. This radial wall mo-
tion was monitored using a mutual-inductance par-
ticle velocity gage?2-24 at several different axial loca-
tions along the bore (Table 3). Each gage consists of
a closely wound primary and secondary conducting
wire forming a rectangle with length large compared
to the lateral dimensions. Initially the primary loops
are driven by a large dc current; the secondary loops
are linked by the magnetic field produced by the
primary loops and produce a signal output from the
secondary loop during gage operation. Both rec-
tangular sets of primary and secondary loops are
embedded in the grout section of the shock tube.
One end of both sets is exposed to pressures behind
the shock front. Radial motion of the walls results
in alteration of mutual inductance between the
loops, and this can be related to particle or wall mo-
tion. This gage has been successfully employed for
particle-velocity measurements in previous experi-
ments.

Plasma Flow and Conductivity Diagnostics.
Diagnostic sensors were emplaced in this experi-
ment to record the time history for plasma flow
velocity, plasma resistance, and plasma electrical
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conductivity. The diagnostic stations (Appendix C)
for these measurements were located at 367, 427,
and 735 mm downstream from the diaphragm,
respectively. The theory and experimental tech-
niques used in this experiment have been under
development?>27 and have been applied suc-
cessfully over several years to other high-energy
plasma experiments. Experimental results are given
later, and Appendix C provides further details of
the diagnostics and a brief description of the un-
derlying theory. See Ref. 28 for additional details
on the theory, diagnostic sensors, calibration
procedures, and experimental results,

DIFFERENCES BETWEEN STEEL
AND GROUT EXPERIMENTS

The following will not only provide a better un-
derstanding of the experimental results, but also will
illustrate some effects that directly impact the
measurements themselves. Neglecting the difference
between strength of the wall materials, the initial
radial-wall motion should be about S times as great
for the grout experiment based on just inertial ef-
fects. Taking strength into account would further
exaggerate this difference in relative initial wall mo-
tion for grout and steel. Such wall motion should
reduce pressures well behind the shock front but in
turn may reduce mass-entrainment effects, par-
ticularly if appreciable delay occurs in the addition
of wall material to the flow. This assumes that
radial wall motion is uniform and Taylor in-
stabilities can be neglected. As the wall moves out
the bar gage remains relatively stationary and the
end of the input bar will protrude into the flow. The
effect of such protrusion may be a minor perturba-
tion on the flow, but its effect is unknown not only
on the flow, but also on the pressure measurement
being recorded by the bar gage. Fortunately signifi-
cant wall motion occurs for only the first three bar
gages in the grout section. If we assume that the
specific energy of vaporization (E,) of rock,
~10 MJ/kg, is a reasonable value? for our DR-1
grout, then this value does not differ appreciably
from the one! assumed for steel, i.e., 12.5 MJ/kg.
However, E, is just one parameter in the ablation
formulation.

Other differences exist that may affect the
dynamic description of the ablation process for the
two experiments. Examples of such differences are
(1) atomic masses and opacities for steel and grout



differ appreciably; (2) DR-1 grout has a large water
content (~25% by weight) with relatively low E,
(~2.6 MJ/kg)?% and (3) large differences exist in
the constitutive relations for steel and DR-1 grout.
The above list is by no means exhaustive, but does
highlight some of the difficulties to be encountered
in future numerical simulation efforts, particularly
with respect to the grout experiment.

EXPERIMENTAL RESULTS

The optical and electronic measurements were
time correlated by reference to the electronic signal
used to initiate detonation of the plane-wave lens.
The time interval between detonation of the plane-
wave lens and diaphragm breakage was 57.6 us.
This time was determined with a light pipe oriented
to view the center of the diaphragm and the streak-
ing camera focused on the display board. This value
was 0.5 us earlier than obtained in the steel experi-
ment and the difference will be discussed in the
following section. The diaphragm breaking time is
taken as the new zero time reference for all ex-
perimental results in this test.

Framing Camera Coverage

The framing camera (Model 189B) coverage of
the first 0.25 m of the outlet pipe indicated that a
small amount of venting around the bar gage at
0.10 m began at 25 us after the diaphragm broke.
This venting continued until high-explosive gases
from the driver section obscured the field of view
approximately 20 us later. This venting may explain
the reduction in the pressure profile at 0.10 m for
late times in the grout experiment compared with
the steel experiment at this location, This will be dis-
cussed in greater detail in the next section. No
venting was detected for the grout experiment other
than that noted for the bar gage at 0.10 m.

TOA Data and Air Shock Velocity

Table 4 summarizes TOA results of the shock
front for the fiber optics and electronic sensors. The
TOA values for the fiber optics are the times that
the first luminosity peak was recorded at each loca-
tion. The TOA values for the bar gages are times at
which the initial rise for the first pressure peak was
very steep. The basis for this choice was presented in
the TOA data discussion of the previous section for
the steel experiment, The TOA data for the flat-
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pack gages correspond to where the initial rise for
the first peak is very steep. The piezoresistance ele-
ments for the flat-pack gage are 10 mm in length
and lie along the axis of the tube. Thus a limiting
factor on the risetime is related to the transit time
for the shock front to traverse the 10-mm length of
the piezoresistant element. Over most of the tube
the velocities are in excess of 10 mm/us and the
risetimes are very steep; peak pressures occur within
1-2 us of the start of the signal. A similar argument
applies to the TOA values given in Table 4 for the
wall motion gages. The TOA values in Table 4 are
in good agreement, with no apparent anomalies,
Figure 16 presents a TOA plot for propagation
of the shock front in the exit pipe. Differentiation of
the TOA curve provided a piot of the velocity for
the shock front as a function of distance down the
outlet pipe as given in Fig. 17. After a short period
of acceleration the shock attains a maximum
velocity of ~43 mm/us at a distance of ~100 mm
from the diaphragm. At this point we can only
speculate about the attenuation of the air shock
propagation seen in Figs. 16 and 17. Unlike the

TABLE 4. Air shock time-of-arrival (TOA) data from
the grout pipe experiment.

SRI
SR1 wall-

Fiber Bar flat-pack motion

Axial optics gage sensor sensor
distance TOA TOA TOA TOA

(m) (u9) (I11)) (us) (us)
0 (57.6) 00
0.02 1.3
0.05 2.13
0.10 3.45 39
0.20 5.74 6.6 65 56
0.30 8.6 9.6 9.8 9.4
0.40 114
0.50 14.6 13.3 142 134
0.75 229
1.00 318 325 328 326
1.25 4390
1.50 574 574 57.5 56.8
1.75 76.9
2.00 107.7 108.6 108.4 107.4
250 2080 209.3 1934




Voitenko steel experiment, there is no comparable
previous air-shock calculational study for the grout
experiment. The only other documented studies in
the open literature are for the Marvel experiment?
which indicated that the principal mechanism for
air-shock attenuation was ablation of the 1-m-diam
pipe walls. That study incorporated a model to
simulate the delayed entrainment of wall material
into the flow behind the shock front. In Marvel, the
pipe walls were of transite surrounded by a grout
medium similar to our present experiment. Future
studies of this grout experiment will probably show
that delayed entrainment of wall material is the
dominant attenuation mechanism.

Pressure Profiles

Figures 18-25 are the pressure profiles ob-
tained for this experiment; none were obtained for
the stagnation gage. For the grout experiment no
pressure profiles were obtained for the flat-pack
gages at the 0.20, 2.0, and 2.5 m locations. The flat
pack at 0.20 m experienced a significant negative
deflection with the arrival of the shock front. Such a
deflection makes data reduction uncertain since it’s
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FIG. 16. Air shock TOA data for the grout outlet
pipe.
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difficult, if not impossible, to determine a baseline
for the signal trace on the scope. The signal levels
for the flat packs at 2.0 and 2.5 m were too low to
obtain pressure profiles.

~ Peak pressures associated with the shock front
decayed from 2.28 GPa at 0.10 m to 0.024 GPa at
2.5m from the diaphragm. The value for 0.10 m
was obtained with a bar gage since for this experi-
ment no piezoresistance gage was used at this loca-
tion. For those locations where bar gages and flat
packs provided pressure profiles, there appears to
be agreement in timing and amplitude for the first
two peaks. In general the first two pressure oscilla-
tions for the flat packs are much larger and
probably more indicative of the pressures exerted at
the walls for the gage locations. Dispersion in the
input bar for the bar gage will tend to broaden the
pressure pulses that arrive at the quartz crystal. The
observed oscillaticns result from axial and radial os-
cillation in the flow induced by early diaphragm
break and radial convergence of driver gas in the
compressor chamber.!2® Examination of the
pressure profiles at [.5m (Fig.23) and 20m
(Fig. 24) indicates that, although the peak am-
plitudes may attenuate appreciably, the relative
degree of the oscillations persists over a substantial
distance. Another interesting feature is that (in the
time frame) the width for the pressure pulse at half
maximum (~1 us) and distance between first two
peaks (~3 us) remain relatively constant for the
flat-pack profiles. Because of velocity attenuation
for the flow, this implies that spatially the pressure
pulses become progressively narrower and closer
together as the flow propagates down the exit pipe.
Although an analogous argument can be forwarded
for the bar-gage profiles, the numbers must be
modified due to broadening by dispersion of the
pulse by the input bar.

A major implication of the above discussion on
oscillations is that it’s a strong argument for delayed
entrainment to the flow of wall material. The en-
trainment of relatively cold wall material should
rapidly damp such oscillations and destroy the
stable fine-structure configuration that persists in
and for some distance behind the shock front. If the
correlation is limited to the first two pressure os-
cillations, then mass entrainment does not appear to
be an important factor for 4-6 us behind the shock
front. Following a somewhat different line of
reasoning in a former jet study,!® a case was made
for an ~8-us delay in mass entrainment,.
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FIG. 22. Pressure profiles at 1.0 m in the grout pipe.
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FIG. 23. Pressure profiles at 1.5 m in the grout pipe.
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FIG. 24. Pressure profile obtained with the bar gage at 2.0 m from the diaphragm (grout pipe).
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FIG. 25. Pressure profile obtained with the bar gage at 2.5 m from the diaphragm (grout pipe).
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In general the peak pressure measurements for
the shock front recorded with the bar and flat-pack
gages were in excellent agreement, both in am-
plitude and TOA. If we examine the pressure
profiles well behind the shock front the agreement is
rather erratic. At 0.3 m (Fig. 20) and 0.5 m (Fig. 21)
the flat-pack gages indicate consistently lower
pressures than the bar gages. At 1.0 m they track
one another fairly well, while at 1.5 m the agree-
ment is mediocre. The low-pressure readings for
flat-pack gages at 0.3 and 0.5 m are attributed to a
combination of low signal levels and uncertainty
regarding time dependence of hysteresis values for
ytterbium when unloading from high pressures. The
low signal levels create a problem since the reading
error becomes progressively greater as the signal
level decreases. The flat-pack scope records were
reduced with uniaxial strain shock data using a dou-
ble shock technique in gas gun studies.’® These
studies indicate that ytterbium exhibits a residual

The results shown in Fig. 26 are consistent with
the pressure profiles of Figs. 20-24. The rate of wall
expansion is the largest for the first 10 us,
corresponding to the early high-pressure oscilla-
tions. The rate of wall expansion uniformly
decreases like the pressure decay behind the shock
front, then asymptotically approaches some final
radial value. Most of the radial expansion is com-
plete by ~60 us, and by that time the pressures
behind the shock front have decayed considerably.
The exception to this is the result at 0.50 m. At ap-
proximately 35 us behind the shock front (Fig. 26),

‘the rate of radial expansion increases dramatically.

The bar-gage pressure profile (Fig. 21) indicates
that a substafgtial high-pressure flow also occurs at
~35-40 us behind the shock front and remains high
for 20 us or longer. These two results appear to
agree, althoagh this may be accidental.since this

- late-time pressure pulse was not seen on the flat-

resistance (hysteresis ‘_'effect) following unloading - -

from high shock levels. The flat-pack signals were
reduced using calibration values and residual
resistance measurements from the abbvc study.
However, the residual resistance can only be ob-
served in gas gun-studies for a few microseconds
before rarefaction’ from' the- edges of the target
produces significant_strain effects. Yet some of the
flat-pack signal records returned to their baseline
after ~ 100 us, indicating no hysteresis effect at that
time. This suggests a time dependence for relaxation
of the residual resistance for ytterbium. If such a
time-dependent relaxation is realistic, then subtrac-
tion of the initial residual resistance, which is the
current practice, would tend to suppress the
pressure levels below their actual values at late
times.

Radial Wall Motion

Radial wall motion was monitored with seven
gages (Appendix A) located in the grout section
(Table 3). Figure 26 shows radial displacements vs
time with the gages at 0.30, 0.50, 1.00, 1.50, and
2.00 m from the diaphragm. The time axis for each
radial displacement shown in Fig. 26 has been shift-
ed so that zero time corresponds to TOA of the
shock front (Table 4) at the respective location for
each wall-motion gage. The records for 0.20 m in-
dicated a gage malfunction, and those for 2.00 m
(after 12 us) and 2.50 m were too low for reliable
data reduction.

pack pressure profile (Fig. 21).

The grout tube section of this experiment was
severely fragmented out to a distance of 0.80 m
from the diaphragm. Expansion of the grout walls
due to high-pressure gas flow was partially responsi-
ble. However, the major damage was caused by the
impact of the first 0.15 m of steel outlet pipe on the
grout section. At 0.80 m and beyond the grout sec-
tion was recovered almost intact. The final bore
diameter at 0.80 m measured 60 mm, corresponding
to a radial expansion of 20 mm. Wall-motion
measurements of radial expansion at 100 us behind
the shock front at 0.50 and 1.00 m were 19 and
4.6 mm, respectively. If these values are reasonably
accurate, then appreciable radial wall motion oc-
curred after 100 us. A measurement of 20 mm was

-obtained for the bore diameter at 3.00 m, which im-

pliés a minimal (<1 mm) radial expansion at this
distance. Consequently, significant stagnation or at-
tenuation occurred between 2.5 and 3.0 m from the

. diaphragm, since measurements at 2.5 m-indicated a
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shock propagating at ~4.Smm/us with a peak
pressure of 23.8 MPa behind the front. ‘

This implies that the radial expansion at 100 us
(Fig. 26) is a conservative estimate for the final
values of radial expansion. Even this estimate is ap-
proximately an order of magnitude greater than
those obtained at comparable distances in the steel
experiment (Fig. 13). The major portion of the
radial expansion occurs well behind the shock front
and thus its primary effect would be to reduce late
time pressures. Late time pressures are lower for the
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FIG. 26. Radial displacement vs time after arrival of the shock
front at 0.30, 0.50, 1.00, 1.50, and 2.00 m from the diaphragm (grout
pipe).
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grout experiment in the region (first 0.50 m) of large
radial expansion, compared with the steel experi-
ment. However, this difference is obscured by other
factors, which are discussed in the next section.

Plasma Flow Velocity and
Conductivity Measurements

Usable data were obtained from three of the
four instrumentation cables used. The velocity gage
and the resistance gage (which includes both a
voltage and current measurement) provided usable
records. The conductivity-gage record was ex-
tremely noisy and provided no useful data. The
cause of the noise was later found to be a broken
connection inside of the RC integrator on the out-
put of the search coil.

Analysis of the velocity-gage record located at
367 mm from the diaphragm produced the flow-
velocity time history in Fig. 27(a). The load voltage
and load current measurements along with the
velocity-gage records were used to produce the ef-
fective conductivity vs time plot in Fig. 27(b). The
effective plasma conductivity in Fig. 27(b) was sur-
prisingly high for this experiment and resulted in a
magnetic Reynolds number slightly greater than 60.
While this magnetic Reynolds number was not
higher than the calibrations provided, it was suf-
ficiently high to require correction to both the
velocity gage and the plasma-resistance gage. The
correction based on the eddy current effects or
magnetic Reynolds number effects is shown for the
velocity gage in Fig. 27(a) as the dashed line. The
conductivity history shown in Fig. 27(b) is already
corrected for magnetic Reynolds number effects.
The dashed portion at the start of the trace is
probably not valid because inductive effects are still
important immediately after shock arrival in this
measurement,

From the velocity plot of air-shock propaga-
tion in the grout experiment (Fig. 17), the shock
velocity was determined to be ~32 mm/us. The ini-
tial flow velocity of the plasma (u) can be obtained
from the measured shock speed U using the relation
u = 2U/(y+1), where v is the gas equation of state
parameter. Using vy = 1.208 for air gives
u = 29.0 mm/us, which is in good agreement with
the corrected measured initial flow velocity of
27.4 mm/us. While the agreement at early times is
good, this is not the case later because of the effects
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of wall motion and mass entrainment. Data here are
referenced to time after shock arrival at a particular
diagnostic location. Arrival time data obtained
from the velocity gage and resistance gage are con-

" sistent with shock arrival time trajectories deter-

mined by fiber optics and pressure gages (Table 4).

In summary, the flow velocity and conductivity
measurements are a reasonable measure of the ac-
tual flow conditions. The rate of decay of the flow
velocity behind the front is interesting in that it is
reduced to one-half of its initial value by 9 us. This
rapid decay may indicate mass entrainment from
the walls, and should be of considerable importance
in future numerical simulation efforts. In future
tests these measurements could be repeated with es-
sentially the same test setup. One improvement
would be the use of longer magnets to reduce the
correction required for high magnetic Reynolds
numbers.
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FIG. 27. Results of plasma properties measurements
on Voitenko grout shot; (a)plot of plasma flow.
velocity vs time at a distance of 367 mm from the
diaphragm; (b) Plot of plasma effective conductivity
vs time at a distance of 427 mm from the diaphragm.



COMPARISON OF EXPERIMENTAL RESULTS

One purpose of these experiments was to ex-
amine the relative effect of wall material on high-
energy shock propagation. The steel and grout wall
materials have different properties that should af-
fect the air shock and subsequent gas flow. The den-
sity, material strengths, atomic number and atomic

mass are all significantly larger for steel than for

grout. Such differences in wall materials should af-
fect the rate of radial wall motion, radiation diffu-
sion, convective heat transfer, ablation and mass en-
trainment. Whether these phenomena combine ad-
ditively or subtractively will determine their at-
tenuation effect on air shock and gas flow propaga-
tion. As an example, a faster radial wall motion may
attenuate the shock velocity by reducing pressures
behind the shock front, but increase the time for
mass entrainment and thus reduce its effect as an at-
tenuator. Although specific uncertainties may not
be resolved, comparison of experimental results
provides some conclusions.

The fiber optics and bar gages were common to
both experiments. Thus we limit the comparison to
results obtained with these two systems. Initially
TOA results and velocities derived for propagation
of the shock front are compared. Then we compare
pressure profiles obtained with the bar gages.

TOA AND VELOCITY RESULTS

The TOA values for the steel and grout experi-
ments were given in Tables 2 and 4, respectively. In
Fig. 28 the shock front TOA vs axial distance from
the diaphragm are plotted for both experiments.
The TOA values were obtained with the fiber optics,
but the electronic sensor TOA values also fall within
the plotted data points. Over the first 2.0 m the
shock-front propagations are essentially identical,
but at 2.5 m the greater attenuation for the grout ex-
periment is clearly evident.

The velocities for the shock fronts as a function
of axial distance are plotted in Fig. 29. They were
obtained by taking the slopes of the TOA curves in
Fig. 28. As observed previously,'0 the shock front
experiences a short period of acceleration before at-
taining the maximum velocity of ~43 mm/us after
approximately 75-100 mm of travel. The maximum
velocity of 45.5 mm /us obtained earlier!? occurred
at 30.0 mm from the diaphragm. This higher
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velocity closer to the diaphragm is attributed to the
diaphragm breaking ~1.6 us later than in the steel
experiment. The later breakage time gives more
time for radial convergence in the compressor;
higher radial stagnation pressures are the driving
force for the air shock when the diaphragm does
break. The earlier diaphragm break is attributed to
much lower pressure axial shocks in the compressor
section, 20 which result in the lower initial shock
velocities observed for these two experiments,
Although early diaphragm breakage occurs, there
still exists the radial stagnation on axis in the throat
of the compressor. Radial stagnation generates
pressures in excess of 100 GPa and causes high-
pressure gas flows that overtake the shock front at
75-100 mm down the pipe. The only consistent ex-
planation for the different diaphragm break times is
the variation in initial pressure in the compressor
chamber before detonation. Table 5 clearly in-
dicates that higher initial pressures of air in the
chamber result consistently in later diaphragm
break times.
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FIG. 28. Air-shock propagation in a steel and a grout
pipe.
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FIG. 29. Shock velocity vs axial distance for the steel and the grout shock-tube experiments.

Figure 29 also shows large variations in the
velocity of the shock front between 0.10 and 0.40 m.
This appears to be a transient effect related to axial
and radial oscillations generated initially in the
compressor section. Beyond 0.40 m, the shock
velocities decrease in a smooth monotonic fashion.
After 1.5 m of propagation the lower shock velocity
in the grout experiment becomes evident, as expect-
ed from Fig. 28.

PRESSURE PROFILE COMPARISON

Other propagation similarities can be seen by
comparing pressure profiles from the bar gages.
Figure 30 shows the pressure profiles at 0.10 m
from the diaphragm. Not only are the pressure
peaks in relatively good agreement, but the general
shape appears reproducible for 20 us behind the
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shock front. Framing-camera coverage indicated
that a small amount of venting around the bar gage
at 0.10 m in the grout experiment occurred about
25 us after the diaphragm burst, continuing until
high-explosive gases obscured the field of view ap-
proximately 20 us later. This may explain the reduc-
tion in the pressure profile observed at later times

TABLE 5. Comparison of initial air pressure in the
compression chambers with diaphragm times.

Chamber pressure Diaphragm time
Experiment (MPa) (u8)
Steel (previousi?) 1.160 